Optical coherence tomography (OCT) is a relatively new imaging method that performs depth-resolved imaging of various turbid media. At the core of the OCT technique is a low-coherence interferometer.
The low-coherence interferometer is used to select only a small volume named the 'coherence gate' from where the back-reflected and backscattered signal is processed. The position of the coherence gate is defined and controlled by matching the optical path in two interferometer arms. A variable delay line, in one of the arms changes the gate position.
In addition to its depth selectivity feature, the lowcoherence interferometer is used to 'amplify' very weak signals back-reflected or back-scattered by the sample.
The detection methods used within the interferometer lead to different approaches: heterodyne detection is used in timedomain OCT [1] and homodyne detection is used in Fourier domain OCT [2] . Both optical heterodyne and homodyne detection methods can be used with high dynamic range [3] reaching higher than 80 dB.
The ac component of the intensity measured with an optical interferometer is
where Re{ } means the real component of the complex ac
signal. An interferometer measures the real component of the signal (in-phase) and ignores the imaginary part (quadrature). Knowing the in-phase and quadrature components the amplitude and phase can be extracted and subsequently used as input into appropriate digital algorithms for spectroscopic OCT [4] analysis. Quadrature detection of an interferometric complex signal refers to the simultaneous detection of both real and imaginary components. In the case of free space optics polarization can be used to extract the in-phase and quadrature information. Since polarization within a singlemode optical fibre is a random phenomenon the approach used for free space optics would not be applicable to an optical fibre based interferometer. Another method is to use a second interferometer for monitoring the phase-this method is often called phase stepping [5] . The information resulting from counting the number of fringes (using the second interferometer) could be used to calculate the real and imaginary part of the complex interferometric signal. A third method is a heterodyne method which uses lock-in detection and phase-locked loops [6] . This is a synchronous detection method that retrieves both components but it is not instantaneous and it depends strongly on the carrier frequency. A Michelson based configuration of a quadrature interferometer using 3 × 3 optical fibre coupler has been proposed by Takada et al [7] and more recently by Choma et al [8] . In this letter we propose a Mach-Zehnder configuration of a quadrature interferometer and analyse its features. A novel detection system is proposed based on two auto-balanced detectors.
The optical interaction within a 3 × 3 fibre coupler can be described by a system of three equations with three coupled variables.
where E i (i = 1, 2, 3) is the electric fields in each waveguide, κ is the coupling constant and z is the propagation direction. In this model insertion losses are neglected. The interaction distance among the three electric fields is set to reach the splitting ratio of the coupler (in this case 33:33:33) on each output. Considering a constant electric field/optical intensity as input, the output electric field/optical intensity can be calculated with equation (2) . The optical intensity between any two outputs shows a 2π/3 phase shift. One output port is split using a 50:50 coupler and each of the two outputs goes into the signal input of the balanced detection as shown in figure 1 . Finally, the output signals on channels A and B are recorded simultaneously using a data acquisition (DAQ) card. The phase shift between channels A and B is π/3.
Recorded interference fringes are shown in the inset of figure 2 in the case of using a mirror as sample. This signal corresponds to a sharp change in refractive index (air/glass interface). Figure 2 shows the signals recorded on channels A and B showing a π/3 phase shift. The real and imaginary parts are calculated using a basic mathematical model. A Lissajours curve is plotted in figure 3 with real and imaginary components on a cartesian coordinate. The circle shape confirms the correct extraction of the real and imaginary components of the reflected signal.
The phase shift of the intensity recorded on channels A and B is constant only for a non-moving sample. The measured phase shift can be used to carry out direct Doppler frequency shift measurement due to the sample's movement. To benefit from the balanced detection the two input detectors should have a phase difference of π. In the case presented here this requirement is not fulfilled so that the detection does not reach the optimal performance. There are different techniques to shift/delay one output of the 3 × 3 fibre coupler to fulfil this requirement of a phase shift of π between the two inputs of auto-balanced detection, but these will not be discussed here.
A critical requirement for integrating a low-coherence interferometer into an OCT set-up is the signal-to-noise ratio (SNR). There is extensive literature addressing the SNR ratio [9] [10] [11] and the interferometric optimal design [12] . Podoleanu [10] have demonstrated that balanced detection offers a larger SNR in comparison with unbalanced configuration.
The SNR of an OCT system is defined as the ratio of the mean square signal photocurrent from the detector I 2 max to the total photocurrent variance σ 2 i . There are three sources of noise within an OCT system with a fibre-optic-based interferometer: receiver noise, shot noise and excess photon noise.
Receiver noise occurs due to thermal noise within the detector and is usually specified by the manufacturer. Random arrival of photons in the detector will create photocurrent noise with two components. Photocurrent variance due to photons emitted from a monochromatic light source showing a Poisson statistics is called shot noise. The other component arises from photons generated by a broadband light source having a Bose-Einstein distribution and it is called excess intensity noise. In the case of balanced detection a significant part of the excess intensity noise is suppressed with the exception of beat noise. This is due to the beating phenomenon between noncoherent spectral components of the broadband source. The mathematical expressions of the photocurrent variances for the shot-noise, excess intensity noise beat noise and receiver noise are numbered (3)- (6) respectively [8] [9] [10] 
where q is the free electron charge, I dc is the mean detector photocurrent produced by back-reflected optical power due to reference mirror and sample, R is the optical power reflectance of the reference mirror, X and S are the incoherent and coherent optical power reflectance of the sample, B is the electrical bandwidth of the balanced receiver, ν is the optical bandwidth of the broadband source, ρ is the photodetector conversion factor into photocurrent, k 1 and k 2 are the splitting ratios of the first and second optical coupler and P 0 is the optical power of the broadband source. We have considered for receiver noise variance a noise equivalent photocurrent (NEPh) density of 2 × 10 −12 A Hz −1/2 (see equation (6)). The maximum photocurrent for the quadrature MachZehnder interferometer (figure 1) is the sum of all detectors used
Because the input signals in the balanced detection are phase-shifted by 2π/3 and not π the balanced detection will partially suppress the excess noise. Measurements of the SNR suggest that part of the excess intensity noise is suppressed, so the real level of excess noise is situated between the beat noise and excess intensity noise level.
In order to compare the SNR of this interferometric configuration with other set-ups the numerical values proposed by Rollins and Izatt [10] were used. These are ρ = 0.95 A W −1 , receiver noise of 2 × 10 −12 A Hz −1/2 , the electrical bandwidth B = 10 6 Hz, broadband optical power of 0.020 W, central wavelength 1300 nm and bandwidth λ = 100 nm. For the reference arm we used R = 0.1 and the incoherent component of the back-reflected light is X = 0.005.
The SNR analysis is focused on two cases: (i) total suppression of excess intensity noise (the only part left is the beat noise) and (ii) the excess intensity noise is not suppressed.
In figure 4 the calculated SNR is plotted for two quadrature interferometric configurations Mach-Zehnder and Michelson. In the case of optimal balanced detection the excess intensity noise is suppressed, consequently the SNR is larger [8] .
Under ideal balanced detection the SNR of the quadrature Mach-Zehnder configuration is larger than the quadrature Michelson platform (see figure 4) . There is an almost constant improvement of 3 dB. In the second case of non-ideal balanced detection the SNR for both configurations is almost the same with small improvement for the Mach-Zehnder platform.
In the ideal balanced detection, the dc component is suppressed because it is identical at both inputs and has a phase shift of π between the two inputs. In the case discussed here, the dc component of one input in the balanced detection is half of the other because of the second 2 × 2 coupler (50:50). The consequence of not having identical dc current at the two inputs is a component of dc current that is not cancelled.
Experimental measurements of the SNR were carried out with a mirror as sample. The maximum ac current was measured at the central location of the interference fringes and the noise variance was calculated from the noise floor (away from the interference). SNR measurements result in 88.2 dB for quadrature Mach-Zehnder interferometer configuration and 85 dB for quadrature Michelson interferometer platform. These results are consistent with our assumption of having a partial suppression of the excess intensity noise. Considering excess intensity noise in the SNR calculation yields values significantly overestimated.
The configuration proposed here allows a better control of optical power than the Michelson configuration. In the Michelson configuration one-third of the optical power is lost because one output channel is not used. In our configuration the first 2 × 2 coupler allows full control of the optical power directed toward the sample and the whole reflected optical power is input to the 3 × 3 coupler. By changing the split ratio of the first coupler a significant improvement of the SNR can be achieved. A 90:10 splitting ratio on the first coupler will direct more optical power on the sample yielding a better SNR. In figure 5 the SNR is plotted for three splitting ratio 10:90, 50:50 and 90:10. A novel interferometer platform was proposed using a 3 × 3 fibre coupler and Mach-Zehnder configuration. This setup allows instantaneous extraction of both real and imaginary components of the interference fringes with better SNR and optical power management than the Michelson configuration. Amplitude and phase information extracted from in-phase and quadrature components of the back-scattered light are used as input in the spectroscopic OCT analysis.
